Effect of methacrylated chitosan incorporated in experimental composite and adhesive on mechanical properties and biofilm formation The lifespan of a resin-based restoration is limited, with the main reason for failure being secondary caries. Biofilm formation at the tooth-material interface is a necessary etiological agent for caries development. Dental materials with antimicrobial properties may reduce formation of biofilm and thus increase the longevity of restorations. This study aimed to investigate the effect of methacrylated chitosan (CH-MA), incorporated into the polymeric network of an experimental dental composite and adhesive, on biofilm growth of Streptococcus mutans and to assess the mechanical properties of the modified materials. The methacrylation of low-molecular-weight chitosan was achieved and biofilm studies confirmed the antibacterial effect of the modified polymer in solution. Methacrylated chitosan was incorporated into an experimental composite and adhesive, and the modified materials reduced the formation of S. mutans biofilm. The incorporation of CH-MA did not alter the bond strength of the adhesives. However, the amount of CH-MA in composite that is required to elicit an antibacterial response challenges the mechanical properties of the material. The hardness and flexural strength of the composite decreased with increasing amounts of CH-MA. However, flexural strength values still met the requirement in the ISO standard.
Dental caries is a multifactorial disease and biofilm is a necessary etiological agent for the development of carious lesions (1, 2) . Currently, a resin-based restoration is the most commonly used restorative material when a filling is indicated (3, 4) .
Secondary, or recurrent, caries is the most frequent reason for repair and replacement of resin-based restorations in the long term (5-7). Replacement and repair have been estimated to constitute the majority of operative work in the dental practice (8) . The accumulation of bacteria and growth of biofilm/plaque at the restoration-tooth interface is considered to be critical for the development of secondary caries. A recent study also suggested that placement of a composite restoration is associated with increased caries risk at the approximal surface of the neighboring tooth (9) . Dental-restorative materials able to reduce biofilm formation on the surface of the restoration and at the tooth-restoration interface may therefore reduce the incidence of both primary and secondary caries.
A range of antimicrobial compounds has been introduced into experimental dental-restorative materials with the aim of reducing biofilm formation (10) . Leachable compounds, such as chlorhexidine, glutaraldehyde, and silver nanoparticles, may potentially have a longdistance, albeit short-term, effect as the compounds diffuse into the oral cavity. Non-leaching compounds that are chemically attached to the materials, such as quaternary ammonium methacrylate monomers, are antimicrobial compounds that may be used as alternatives to leachable compounds (11) (12) (13) (14) (15) . These positively charged compounds exhibit increased affinity for the negatively charged microbial cell surface and may cause leakage of cellular content and ultimately cell death. Primers, adhesives, and composites incorporated with both leaching and non-leaching antimicrobial compounds have been shown to decrease biofilm formation in vitro (10) . However, there is insufficient clinical evidence documenting the ability to reduce or inhibit secondary caries by dental-restorative materials containing antimicrobial agents (16, 17) . In addition, introducing compounds with antimicrobial properties may affect the materials' mechanical and physical properties. Despite the range of antimicrobial components investigated, to our knowledge, only 12-methacryloyloxydodecylpyridinium (MDPB) is found in a commercially available adhesive (Clearfil SE Protect; Kuraray).
Chitosan is a natural polysaccharide polymer and is produced by partly deacetylating chitin, obtained from the exoskeleton of crustaceans, resulting in linear chains of b-1?4-linked D-glucosamine units and residual N-acetyl-D-glucosamine units (18, 19) . The content of N-acetyl-D-glucosamine is referred to as the degree of acetylation. The molecular mass of chitosan may range from 50 to over 2,000 kDa and the degree of acetylation from 5% to 50% (20, 21) . As a result of its high biodegradability and low toxicity against mammalian cells, chitosan has been used in medicine, agriculture, and in the food, pharmaceutical, and cosmetics industry (19) . At pH < 6.3, the amino groups of Dglucosamine units are protonated and give rise to chitosan's antimicrobial activity (22, 23) . Chitosan exhibits a wide spectrum of antimicrobial activity against gram-positive and gram-negative bacteria, in addition to fungi (22, (24) (25) (26) .
At pH > 6, chitosan is poorly soluble and has reduced antimicrobial activity; therefore it has been extensively modified to improve these properties (19) . Derivatizations have primarily focused on creating a permanent net-positive charge by methylating the amino group or attaching positively charged substituents, such as guanidine, and attaching hydrophobic or hydrophilic substituents to aid solubilization in different solvents (19) . In dentistry, chitosan has been added to oral care products to mediate an antimicrobial effect. The antimicrobial effects of unmodified chitosan in adhesives and glass-ionomer cement, as well as the mechanical properties of the modified materials, have been explored (27) (28) (29) . Chitosan nanofibers incorporated into sealants improved the mechanical properties, but the materials did not display any antimicrobial properties (30) . DONATI et al. (31) prepared a primer containing methacrylated chitosan (CH-MA) with the purpose of increasing the durability of dentin-bonding systems, and found comparable bond strengths for the modified and control adhesive systems. An adhesive system containing a CH-MA-based primer provided comparable bond strength relative to the control system.
The aim of this study was to: (i) prepare CH-MA for incorporation in dental-restorative materials; (ii) investigate the effect of modified materials on biofilm formation of Streptococcus mutans; and (iii) evaluate the mechanical properties of a dental composite and adhesive into which CH-MA was incorporated.
Material and methods

Synthesis of CH-MA
The synthesis of CH-MA was adapted from procedures described in the literature (32, 33) . All chemicals were purchased from Sigma-Aldrich (St Louis, MO, USA). Low-molecular-weight chitosan (2.6 g) was added portionwise to methanesulfonic acid (30 ml) and the resulting suspension was stirred for 15 min until the chitosan powder had dissolved. Methacryloyl chloride (0.8 ml) was added dropwise over 30 min and the solution was stirred at room temperature for 3 h. The reaction was stopped by the addition of crushed ice (30 g), then the mixture was dialyzed [distilled water for 6 h, 0.1 M sodium bicarbonate (NaHCO 3 ) for 24 h, distilled water for 48 h]. The molecular mass cut-off of the dialysis tubing was 15 kDa (Spectrum Laboratories, Rancho Dominguez, CA, USA). The CH-MA solution was partially concentrated in vacuo before lyophilization (0.37 mbar for 24 h, 0.0015 mbar for 4 h), with the product obtained as a beige powder. Before incorporation into dental materials, CH-MA was crushed to a fine powder using glass beads (d = 3 mm; Merck, Darmstadt, Germany) and a vortex mixer (VWR Collection, Oslo, Norway).
The degree of modification of the polymer chain was measured using 1 H nuclear magnetic resonance (NMR) spectroscopy (400 MHz; Bruker, Rheinstetten, Germany), comparing the areas of the signals arising from the vinyl protons of the methacrylate moiety (at around 6.1 and 5.7 ppm, respectively) with the signal arising from the anomeric protons of the polysaccharide chain (at around 4.7 ppm).
Experimental composites and adhesives
Both experimental composites and adhesives containing CH-MA, and the corresponding controls, were prepared to obtain control over the contents and therefore to be able to attribute any effects on biofilm formation to the incorporation of CH-MA only.
All chemicals were purchased from Sigma-Aldrich. The experimental composite contained bisphenol A-glycidyl methacrylate (Bis-GMA, 14.9 wt%), triethylene glycol dimethacrylate (TEGDMA, 14.9 wt%), filler particles (69.4 wt%, Ultrafine 1.5 lm, silane 1.6%; Schott, Mainz, Germany), camphorquinone (CQ, 0.3 wt%), ethyl-4-dimethylaminobenzoate (EDAB, 0.3 wt%), and butylated hydroxytoluene (BHT, 0.2%). Composites in which 5, 10, and 20 wt% CH-MA was incorporated were prepared by partially substituting the filler particles with CH-MA. After mixing (2 9 3 min at 3,000 r.p.m.) in a Speed Mixer (Hauschild, Hamm, Germany), the uncured CH-MA composites were stored at 4°C for 24 h before use in biofilm studies or mechanical testing.
The experimental adhesive was composed of Bis-GMA (49 wt%), TEGDMA (24 wt%), 2-hydroxyethyl methacrylate (HEMA, 24 wt%), BHT (1 wt%), CQ (1 wt%) and EDAB (1 wt%). After mixing (2 9 3 min at 3,000 r.p.m.) in a Speed Mixer, the adhesive was stored at 4°C for a maximum of 1 wk.
Adhesives containing 10 and 20 wt% CH-MA were prepared by adding the experimental adhesive to CH-MA and mixing using a vortex mixer. The CH-MA adhesives were used immediately after preparation.
Composite and adhesive specimen discs
Test specimens of CH-MA adhesives (d = 15 mm, h = 0.8 mm) and CH-MA composites (d = 7.7 mm, h = 2.0 mm) were prepared upon light curing (Demetron A.2 lamp; Kerr, Middleton, WI, USA, maximum light intensity: 1,100 mW cm
À2
). The composites were cured for 20 s on each side, whereas the adhesives were cured for 40 s on one side only. Before biofilm studies, the composite and adhesive specimen discs were stored for either 24 h or 2 wk in distilled water at 37°C. The specimen discs were disinfected in ethanol (70%, 5 min) and air-dried.
Biofilm studies
Streptococcus mutans UA159 (ATTC 700610) was grown overnight on a tilt table (30 tilts min À1 ) for 16 h in Brain Heart Infusion (BHI) medium (Oxoid, Basingstoke, UK) at 37°C and 5% CO 2 .
For biofilm studies in solution, stock solutions of 1% chitosan and CH-MA in 0.5% HCl were prepared and diluted further in BHI with an adjusted pH of 5.9 (using 12 M HCl) to give final concentrations of 0.025 and 0.05%, respectively. To mimic the HCl concentration of the final CH and CH-MA solutions, BHI (pH = 5.9) also containing 0.025% of 0.5% HCl was used as control. The overnight culture of S. mutans was added to the solutions in a ratio of 1:80 before transferring 500 ll per well to a 48-well microtiter plate (Corning, NY, USA). The plates were incubated on a tilt table (30 tilts min À1 ) for 24 h at 37°C and 5% CO 2 . After removal of the test solution and careful washing with PBS (Lonza, Walkersville, MD, USA), the biofilm formed in the wells was quantified by adding 500 ll per well of BHI medium containing resazurin (10 lg ml À1 ) (Sigma-Aldrich) (34) . The plates were incubated at room temperature for 30 min while protected from light. From the wells, 100 ll was transferred to a 96-well plate before fluorescence (arbitrary units) was measured with excitation at 550 nm and emission at 590 nm using the Multi-Detection Microplate Reader (Synergy H1; BioTek, Bad Friedrichshall, Germany).
The overnight culture was diluted 1:80 in BHI and then either adjusted to pH 5.9 (using 12 M HCl) or unadjusted (i.e. remaining at pH 7). Experimental composite and adhesive without CH-MA were used as controls. Bacterial suspension (1.5 ml) was added to each well containing one disc in a 12-well plate (Corning). A well with a disc containing only BHI (1.5 ml) was used as the blank. The bacteria were incubated for 24 h at 37°C and 5% CO 2 . Then, the discs were washed briefly in PBS before 1 ml of BHI containing resazurin (10 lg ml À1 ) was added. Incubation and measurement of fluorescence were carried out as described above.
Kaiser test
The Kaiser test was performed for the detection of amino groups in the experimental materials. One disc of CH-MA composite or adhesive was added to a solution of ninhydrin in ethanol (1 M, 3 ml) and heated at 70°C for 30 min and 3 h for adhesives (10 and 20 wt% CH-MA) and composites (5, 10, and 20 wt% CH-MA), respectively. Experimental adhesive and composite without CH-MA were used as controls.
Mechanical properties
The flexural strength of CH-MA composites was measured according to ISO standard 4049:2009 'Dentistry -Polymer-based restorative materials' (35) . Composite specimens (2 9 2 9 25 mm) were prepared and stored in distilled water at 37°C for 24 h before testing. The specimens were then mounted in a universal testing machine (LRX; Lloyds Instruments, Fareham, UK) and a load was applied at a crosshead speed of 0.75 mm min À1 . The maximum load exerted on the specimen was recorded at point of fracture and used to calculate the flexural strength (MPa).
The hardness of the CH-MA composites was evaluated using a Vickers hardness tester (Nova 360; Innovatest, Maastricht, the Netherlands) with a Vickers diamond indenter. A load of 500 g was applied (HV0.5) for 20 s. The specimens were stored in water at 37°C for 24 h before testing. Five indentations for each specimen (n = 2) were recorded. Experimental composite without CH-MA was used as a control.
The technical specification 'ISO/TS 11405:2003 Dental Materials -Testing of adhesion of tooth structure' was used to evaluate the bond strength of the CH-MA adhesives (36). Experimental adhesive without CH-MA was used as a control. Caries-free human molars were mounted in EpoFix resin (Struers, Ballerup, Denmark) with the buccal surface exposed. To achieve a standard surface of superficial dentin, the specimens were ground using P400 paper. A thin tape with a hole (d = 3.00 mm) was fixed to the planed tooth surface. The dentin surface inside the hole was etched (35% phosphoric acid) for 20 s, then rinsed with distilled water, dried using compressed air, and primed (Clearfil SE Bond Primer; Kuraray Dental, Tokyo, Japan) for 20 s. After drying a second time, the CH-MA adhesives were applied and cured for 40 s (Demetron A.2; Kerr). The composite button (Tetric EvoCeram, Shade A3; Ivoclar Vivadent, Schaan, Lichtenstein) (d = 3.00 mm) was constructed using a bonding clamp and cured for 20 s. The specimens were stored in water at 37°C for 24 h before being placed in the loading rig mounted on the universal testing machine. A load at a crosshead speed of 0.75 mm min À1 was applied until fracture and the maximum force (N) was used to calculate the bond strength (MPa).
Statistical analysis
Statistical analyses were performed with GraphPad Prism version 7.01 (GraphPad, La Jolla, CA, USA). A significance level of P < 0.05 was used for all analyses. The Kruskal-Wallis test followed by Dunn's multiple-comparison test was used when analyzing the antibacterial effect in solution and biofilm formation on CH-MA composites. To analyze biofilm formation on the CH-MA adhesives, one-way ANOVA followed by Tukey's multiple comparison test was used. For flexural strength and bond strength testing, one-way ANOVA followed by Tukey's multiple comparison test was used. The Kruskal-Wallis test followed by Dunn's multiple comparison test was used for statistical analysis of the Vickers hardness measurements.
Results
Methacrylated chitosan
Methacrylated chitosan was obtained with a 46% yield, as a beige free-flowing powder. The percentage of methacrylate groups was found to be 15%. The NMR data corresponded to those reported in the literature ( Fig. S1; 32, 33, 37 ).
Biofilm studies of the antibacterial effect of CH-MA and chitosan in solution
Reduction in biofilm formation in BHI (0.025% HCl) containing chitosan and CH-MA, at both 0.025 and 0.05%, was investigated. Both 0.025 and 0.05% chitosan reduced biofilm formation of S. mutans compared with the control. Biofilm formation was reduced only at a concentration of 0.05% CH-MA compared with the control, but the effect was lower than for 0.05% chitosan ( Table 1) .
Biofilm studies of composite and adhesive containing CH-MA Incorporating 10 and 20 wt% CH-MA into the composite resulted in reduced formation of S. mutans biofilm at pH 5.9 after 24 h of storage compared with the control. No difference in biofilm formation on composites containing CH-MA at pH 7 was observed. After 2 wk of storage in water, reduced biofilm formation on composites containing CH-MA was observed at pH 5.9 compared with the control (Table 2) . Incorporating 20 wt% CH-MA into the experimental adhesive reduced biofilm formation at pH 7 compared with the control after 24 h of storage (Table 3) .
Kaiser test
The intensity of Ruhemann's purple corresponds to the amount of free amino groups. Upon visual inspection of the discs, the intensity of the purple color increased with increasing amounts of CH-MA incorporated, compared with the control, for both composites and adhesives (Figs 1 and 2 ).
Mechanical properties
The flexural strength of the composite decreased as the amount of CH-MA incorporated increased from 5 to 20 wt% (Table 4 ). The incorporation of CH-MA decreased the hardness of the experimental composites (Table 5) . No difference was observed for the bond strength to dentin for the adhesives containing 10 and 20 wt% CH-MA compared with the control (Table 6 ).
Discussion
The results of this study show that CH-MA (CH-MA) may be incorporated into a composite and into an adhesive to reduce biofilm formation on their surfaces. The mechanical properties of the composite were challenged, but flexural strength measurements still met the requirement set in ISO 4049, whereas no differences were observed for the bonding properties of the adhesives.
Both the experimental composite and the adhesive used in this study were prepared so all components were known, in order to control for the effects of components not specified by manufacturers. For incorporation of chitosan, methacrylation of the chitosan backbone was performed to allow the modified polymer to react with the other methacrylate-based monomers in the resin matrix. Highly deacetylated chitosan is insoluble in organic solvents and physiological media at Table 1 Antibacterial effect of chitosan and methacrylated chitosan (CH-MA) in solution, measured as reduction in biofilm formation (n = 3) Table 2 Biofilm studies of composite containing methacrylated chitosan (CH-MA) at pH 5.9 and pH 7, respectively, after 24 h and 2 wk of storage (n = 3) Values are given as mean (SD). *Statistically significant difference compared with control. Table 3 Biofilm studies of adhesive containing methacrylated chitosan (CH-MA) at pH 7 after 24 h (n = 3) pH > 6.3 (22) . Therefore, methacrylation of chitosan was carried out in methanesulfonic acid using methacryloyl chloride (Fig. 3A) . Carrying out the methacrylation in acid temporarily protonates the amino groups of chitosan and thus the C-6 alcohol group is the primary site of reaction (Fig. 3B) . This means that, in principle, the antibacterial effect of the modified chitosan should not be altered. In contrast, when methacrylation also occurs on the amino group, the antimicrobial effect is potentially reduced. The antimicrobial effect of natural chitosan derivatives depends on the molecular weight of the polymer and the degree of acetylation (22, 38) . Studies carried out on a range of different bacteria showed that the lower the molecular weight of chitosan, the higher the observed antimicrobial effect (18, 21) . According to the manufacturer's website, the molecular mass of the lowmolecular-weight chitosan used in this study is 50-190 kDa. The molecular mass cut-off of the dialysis tubing was 15 kDa, as reported by the manufacturer, indicating that only chains with molecular mass of >15 kDa were retained. Only 46% of CH-MA was recovered, suggesting that the polymer chains were cleaved during synthesis. The reduced molecular weight of CH-MA compared with chitosan may increase the antibacterial activity. However, the opposite was observed, and the reason for the reduced antibacterial activity after methacrylation is not known at present. The antibacterial effect of chitosan is pH-dependent, predominantly limited to pH < 6 (19) , and the effect increases with further reduction in pH (24) . The pH of S. mutans biofilms and the enamel-biofilm interface has been shown to be below pH 5.5, the critical pH for enamel dissolution (39, 40) . The biofilm-inhibitory effect of composite containing CH-MA was therefore investigated in media at both pH 5.9 and pH 7. The reduction in biofilm formation of the modified composite discs, observed at pH 5.9 compared with pH 7, and at both 24 h and 2 wk, may be explained by the protonation of the amino groups at the lower pH before the attachment of bacteria to the surface and further formation of biofilm. Still, the trend observed, of reduced biofilm formation at pH 7 on modified composites, led to investigation of the inhibitory effect of CH-MA incorporated in an experimental adhesive. Reduced biofilm formation was observed for the adhesive containing 20 wt% CH-MA at pH 7. In contrast to the composite, the adhesive does not contain inorganic filler particles, and thus the surface area of resin, with exposed amino groups, is increased for the adhesive compared with the composites. Increased antibacterial effect with increasing density of positive charges has been reported previously (41) . This may explain the reduced biofilm formation on the composites and adhesives at increasing concentration of CH-MA, corresponding to increased amounts of amino groups on the surface of the materials, as shown by the Kaiser test. The intensity of the color corresponds to the amount of free amino groups exposed on the surface of materials and can be observed visually (qualitatively, Figs 1  and 2) . Release of the chitosan monomer after storage in water was investigated (2 wk). Ninhydrin was added to an aliquot of the storage solution and heated to 70°C; however, no formation of Ruhemann's purple could be observed (after 3 h), either visually or spectrophotometrically (data not shown). This indicates that the CH-MA was primarily chemically bonded into the polymer network of the composite and adhesive and did not leach from the materials.
In order for the adhesive and composite containing CH-MA to be viable materials for further development, they must have mechanical properties comparable with those of commercial alternatives and meet requirements set in ISO standards. According to our results in vitro, 10-20 wt% CH-MA must be incorporated in order to elicit an effect on biofilm formation. This, in turn, has a significant effect on the mechanical properties of the modified composites. The flexural strength of the composites decreased with increasing amount of CH-MA, but the mean flexural strength of the 10 wt% CH-MA composite (70 MPa) met the requirement (50 MPa) for type 2 restorative materials for non-occlusal surfaces (35) . The addition of CH-MA itself may be the cause of reduced flexural strength, but in the CH-MA composites the filler content was also reduced as CH-MA replaced filler particles. This will influence the flexural strength of the composite, giving lower values.
The Vickers hardness of the composites investigated also decreased with increasing amounts of CH-MA. Another study has also shown that the addition of chitosan negatively impacts both the flexural strength and the hardness of the modified materials (42) . Chitosan is hygroscopic and increased water uptake with increased amounts of CH-MA may contribute to the observed decrease in flexural strength and hardness of the composites (43) . For the adhesive, sufficient bond strength to dentin is required in order to obtain a tight seal. The results from the shear bond strength test of the experimental adhesives are within the same range as for the controls.
It is challenging to translate the effect of materials incorporated with CH-MA from an in vitro to a clinical situation. After placement, rapid formation of salivary pellicle on the surface of dental materials takes place. This may create a barrier between the non-leaching antibacterial agents, such as CH-MA, and bacteria. Several studies suggest a consequent reduction in the antibacterial effect of the materials in situ (44) (45) (46) .
The methacrylation of low-molecular-weight chitosan and incorporation of the synthesized CH-MA into an experimental composite and adhesive was successful. The modified materials reduced the formation of S. mutans biofilm, but the amount of CH-MA required to reduce biofilm formation challenges the mechanical properties of the materials. 
